A novel planar directional UWB antenna is proposed. The antenna design evolves from an oblique elliptic cone antenna by applying the planar-solid correspondence to two axes. Through a simple equation, this antenna can be designed, to operate at a specific lower cutoff frequency with a bandwidth larger than 10 GHz for a reflection coefficient magnitude lower than −10 dB. This characteristic provides the antenna with a good versatility. The directional radiation pattern has an average gain of 6 dBi.
Introduction
Since 2002 research on UWB antenna has been satisfying the requirements specified by the Federal Communications Commission (FCC), whose efforts have been focused mainly on designs with omnidirectional radiation pattern to improve portable wireless communication systems. However, the necessity of directional UWB antennas is also present for several modern electronic devices such as ground penetration radars, cancer detection, fixed high data wireless local systems, and electronic warfare devices [1] [2] [3] [4] . Among the directional UWB antennas reported in the open literature, there are volumetric, planar, and planarized monopoles, and the most representative ones are the ridged horn, the transverse electromagnetic antenna (TEM), and the Vivaldi design, respectively [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
Currently, the research and development of new UWB antennas are result of a critical tradeoff between lower cutoff frequency, radiation pattern, power, gain, size-weight, and cost. Therefore, the operational requirement for a specific device needs a proper UWB antenna with particular characteristics.
The proposed planar directional UWB antenna is derived from a volumetric structure to which the solid-planar correspondence principle is applied. It offers the versatility to have a lower cutoff frequency selected by the designer through a simple equation, and its bandwidth can be wider than 10 GHz. Once the dimensions of the antenna have been obtained, the construction is simple and weightless. Thus, the paper is organized as follows. In order to introduce the fundamentals of volumetric and planar designs, some features of the well-known biconical antenna and the solidplanar correspondence principle are described in Section 2; Section 3 presents the design process as an evolution of an omnidirectional conical antenna; in Section 4 details of the design of the proposed antenna are given; the derivation of the equation that relates the lower cutoff frequency and the radiator length is shown in Section 5; the prototypes and obtained results for the input impedance bandwidth and the radiation pattern are described in Section 6; finally, in Section 7 the conclusions are formulated.
From Volumetric to Planar UWB Structures

Biconical Antenna.
The early studies of wideband antennas considered that to achieve wider bandwidths it was necessary to design volumetric structures based on revolutionsurface radiator elements because they exclude high reactive energy [19] . Harold Wheeler, at the late of the 1950s, postulated two sentences to relate antenna volume and bandwidth [20] : (1) inside a radiansphere, there is a uniformly distributed reactive energy and (2) the unique form to exclude that reactive energy is by expanding the antenna dimensions in order to occupy more volume. From the above, the biconical antenna was the first approach in this field [21] , and its analysis is based on the transmission line theory due to the fact that it can be seen as a uniformly expanded transmission line. The classical biconical antenna with a feed point located at the cones ends basically is defined by three parameters (provided it is a symmetrical design, these variables are equal for each cone): height ( ), aperture angle ( ), and diameter of the circular aperture ( ). The characteristic impedance relationship of an infinite biconical antenna derived in [22] for an intrinsic impedance of medium = 120 (free space) is given by
which corresponds to its input impedance, in , provided that it is independent of an arbitrary radial distance [22] . As can be appreciated in (1), the angle is a key parameter on the performance of this antenna.
Solid-Planar Correspondence Principle.
In order to address the solid-planar correspondence principle, let us first consider a single cylindrical monopole of length and radio . If its radio is large, it can be seen as a volumetric structure over which the current is distributed (in other words, on its surface). This element is used as comparison base for other planar structures, in such a way that their areas are made equal (i.e., 2 = with the area of the planar antenna) and it stated a relationship between and the dimensions of the radiator on question. Please observe that the radiator height is made equal to the cylinder length , which gives a significant importance to this parameter.
Thus, the solid-planar correspondence principle simply states that, for any surface-revolution structure, there exists its counterpart planar antenna [19] . Therefore, it is possible to achieve an equivalent performance of a volumetric radiator structure through its corresponding planar version.
From the above, the older idea that "fat" structures were necessary to achieve wider bandwidths was removed and a boom on planar designs for UWB antennas marked a new era during the 1990s decade.
Design Process
The design process takes as a basis a single conical antenna on a large flat ground plane and whose input impedance is one-half of the biconical structure [22] :
International Journal of Antennas and Propagation By following results presented in [23] , it is found that a value of = 90 ∘ provides very low variations on the reactive part of the conical antenna impedance over a very wide range of frequencies and radiator lengths. Therefore, for = 90 ∘ , = 2 and in = 52.8 Ω ≈ 50 Ω. In order to fade the imaginary part of the input impedance to zero, the length of a monopole can be approached to 0.24 as suggested in [22] . For a resonant frequency of 2.4 GHz and by taking the cone height as the monopole length, = 30 mm and = 60 mm. Figure 1 shows this basic structure for a circular ground plane with diameter gp = 120 mm, which is approximately equal to .
This antenna was simulated in the CST Microwave Studio software [24] (in fact all simulation results presented through this paper were obtained with this tool). The corresponding result for the reflection coefficient magnitude is shown in Figure 2 . From this figure it can be seen that the lower cutoff frequency is 2.3 GHz and the bandwidth is wider than 17 GHz. In this antenna the radiation pattern is omnidirectional.
In order to convert the omnidirectional pattern of the conical antenna into a directional one, the first approach is to change the circular aperture of the cone by an elliptical one with an excentricity of 0.44 but maintaining the circular ground plane ( Figure 3 shows the modifications to an elliptical cone where the minor axis is 54 mm). The elliptical conical antenna provides a similar reflection coefficient magnitude (see Figure 4 ) with a lightly directional radiation pattern. It can be observed from Figure 4 that, for | 1,1 | ≤ −10 dB, the bandwidth is wider than 17 GHz, and the lower cutoff frequency is 2.4 GHz.
The next step used to provide directivity was to slant the radiator [25] , as shown in Figure 5 . The slant angle applied to the radiator can be mapped to a displacement relative to the vertical axis of the cone. Thus, the simulated reflection coefficient magnitude for several displacements is represented in Figure 6 . From this figure, it can be concluded that this displacement does not affect significantly the impedance bandwidth but does increase the pattern directivity. In fact the antenna gain goes from 2.5 dBi to 7.9 dBi for the whole bandwidth in the xy plane. Figures 7, 8 , and 9 show the simulated radiation pattern for the xy, xz, and yz planes, respectively.
With the aim of increasing the gain and decreasing the back lobe at low frequencies, a reflector was introduced as depicted in Figure 10 . A central aspect in this approach is the location of the reflector relative to the feed point. This design detail was addressed through a tuning process taking into account the impedance matching bandwidth, after which and for the current dimensions of the antenna we found that the best distance between the reflector and the feed point was 10 mm. The simulated reflection coefficient magnitude is shown in Figure 11 .
In Figures 12, 13 , and 14 the simulated radiation pattern for the xy, xz, and yz planes, respectively, can be shown for the conical antenna with elliptical aperture and reflector.
The effect of the reflector on both lower and upper cutoff frequencies can be analyzed in Figure 11 cutoff frequency continues to be higher than 20 GHz. From Figure 12 it is found that the gain goes from 5 to 7.9 dBi. This behavior allows us to assert that the main effect of the inserted reflector is on the lower cutoff frequency and on the gain at low frequencies. As regards the effect of the reflector on the back lobes, Figure 12 illustrates an improvement of the main lobe stability. It is worth mentioning here that the dimensions of the reflector were determined by a parametric study. Although these dimensions could affect the antenna performance, we do not explore to vary them at all and it could be matter of a future correspondence.
To evolve the antenna of Figure 10 to a directional and planar one, the elliptical aperture is maintained and the planar-solid correspondence (see Section 2) in two axes is applied, as presented in Figure 15 (provided that we still preserve the elliptical aperture structure, let us call this design semiplanar conical antenna) and whose results for the simulated reflection coefficient magnitude are shown in Figure 16 .
In Figure 16 it can be seen that the lower cutoff frequency has been shifted approximately to 0.3 GHz (from 1.8 to 2.1 GHz), but the upper cutoff frequency is still larger than 20 GHz.
In Figures 17, 18 , and 19 the simulated radiation pattern for the xy, xz, and yz planes, respectively, is shown for the semiplanar conical antenna with elliptical aperture and reflector. It is observed that the main lobe stability is affected at high frequencies. Now, by applying the solid-planar correspondence principle to the elliptical aperture of the radiator of Figure 15 , we found through simulations that it does not affect substantially both the impedance bandwidth and the gain, and as a consequence it can be eliminated, which allows us to have a fully planar directional antenna.
The effect of the evolution from volumetric to planar antenna modifying the impedance matching variables properly provides an increase of 0.3 GHz in the lower cutoff Table 1 the main properties of the directional radiation patterns of the antenna models created during the evolution from volumetric to planar structure are shown. As can be seen most of values do not vary significantly during the entire design process; however, a reduction of the 3 dB beamwidth 
Design of the Proposed Antenna
The final shape of the evolved directional and planar antenna derived from the circular cone based structure is shown in Figure 21 , and it is formed by three triangular plates of brass, two of them are isosceles, and the other one is scalene. The scalene triangle is in the desired main lobe direction, and the isosceles triangles are in a perpendicular position. This radiator is on a circular ground plane with the feed point displaced from its center. It is worth noting that the best obtained relationship of = 1.66 was determined by simulations. Figure 22 shows the geometry and dimensions of this proposed structural antenna, which are obtained by following the design of the conical antenna for an input impedance of 50 Ω.
Thus, once the radiator is totally planar, it can be possible to find a design equation for a desired lower cutoff frequency by applying the theory that a planar monopole antenna can be seen like a cylindrical monopole with an effective diameter very wide. In the next section, this design equation for the proposed antenna will be derived. To evaluate the feasibility of the design equation, two antennas will be designed, constructed, and measured. The first prototype will preserve the antenna dimensions shown in Figure 9 , whereas the second one will be designed to fulfill the lower cutoff frequency of the UWB bandwidth [26] .
Lower Cutoff Frequency
Based on the theory that a planar monopole antenna can be seen like a cylindrical monopole with an effective diameter very wide and on which the planar-solid correspondence principle has been applied, the lower cutoff frequency can be obtained through the equation to find the monopole length for a real input impedance given by [19] = (0.24) ,
where is a term known as length-ratio equivalent. This dimensionless parameter can have a value from 0.86 for a square planar monopole to 0.99 for a thin wire monopole [27] . The term is used to determine an equivalent area between a cylindrical monopole and a planar monopole radiator [28] and is expressed by
where is the radius of the cylindrical monopole in mm. The design procedure consists in making the proposed radiator area equal (in this case, let us assume that each triangle represents 1/3 of the total area of the radiator; thus the radiator area is the contribution of areas given by two isosceles triangles and one scalene triangle) with the cylindrical monopole area (given by 2 ). Therefore, for and , the width of the isosceles and scalene triangles, respectively, is
Provided that = 2 and after replacing it and = 1.66 in (5) and through a simple mathematical manipulation, it is possible to find that = 0.2 .
Replacing (6) in (4) and in turn in (3), we found the relationship between the radiator height and the desired lower cutoff frequency for the proposed planar directional UWB antenna as
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Prototypes of the Antenna
The design equation that relates the lower cutoff frequency with the radiator length of the directional and planar UWB antenna evolved from an omnidirectional conical structure is validated through the development of two prototypes. In order to evaluate the simulated lower cutoff frequency obtained for the directional conical antenna model shown in Figure 21 , the first prototype is designed for a lower cutoff frequency of 2 GHz. On the other hand, the second one is for a lower cutoff frequency of 3 GHz with the objective of designing an antenna which fulfills the requirements given for UWB antennas imposed by the FCC [26] .
In order to validate these designs in terms of impedance matching and radiation pattern, both prototypes were evaluated, respectively, by using an Agilent NPA Series network analyzer E8362B calibrated to a 50 Ω SMA connector, and by making up a semiclosed structure (except by the ceiling) of electromagnetic absorbers ETS-Lindgren model FL-4500CL to measure their radiation patterns. It is worth noting that in this last measurement the distance from both transmit and receive antennas to the absorbers was at least ten times the wavelength of the lower frequency. Both prototypes were used as transmit antenna and the receive antenna was a standard double crest horn antenna [1] . The obtained results have an error of 1 dB lower than those achieved in an open area calibration test site.
First
Prototype. Using (6) and considering that the design comes from a conical antenna, for a lower cutoff frequency of 2 GHz, its dimensions appeared as shown in Figure 22 . Note that the antenna dimensions are a function of the "cone" height (i.e., the vertical side of the scalene triangle ). The simulated and measured reflection coefficient magnitude for the model and prototype can be seen in Figure 23 . The simulated and the measured lower cutoff frequency (2.09 GHz and 2.19 GHz, resp.) have a difference of only 0.1 GHz, with a measured bandwidth of 16.2 GHz. These results provide a good agreement with the initial value applied to (7) to obtain the radiator length. Regarding the radiation pattern characteristics, the behavior of the simulated and measured radiation pattern for this model and prototype shows a good agreement and indicates an improvement on the main lobe stability once the elliptical aperture was removed (see Figure 24) .
In general, although we observe more variations of the radiation pattern as a function of frequency (particularly when it is increased), in all cases a good agreement between simulated and measured results is achieved. Due to space limitations, only the measured and simulated radiation pattern at 5 and 10 GHz are depicted in Figure 24 . As can be appreciated, the measured gain is maintained around 6 dBi.
This antenna was built in a brass sheet and it is depicted in Figure 25 for a not good agreement after 13 GHz for the simulated and measured reflection coefficient magnitudes is precisely this 50 Ω SMA connector of moderate quality. Finally, for mechanical robustness a 6 mm Teflon post was used as support.
Second
Prototype. This prototype is designed to operate from 3.1 GHz as authorized by the FCC [26] for UWB communications (let us call it "FCC prototype"). Then, by taking 3 GHz as desired lower cutoff frequency and by using (7) the radiator height, = 20 mm. By following the geometry of the antenna in Figures 12 and 13 , the dimensions of the design for = 3 GHzappear as can be seen in Figure 26 . As in the previous case, we used for this second prototype the same material and SMA connector. The photograph of this FCC prototype is not shown due to space limitation.
Results of simulations and measurement for the reflection coefficient magnitude of the model of Figure 26 are shown in Figure 27 , whereas the simulated and measured radiation pattern for the second prototype are shown in Figure 28 . From these results, we observe a simulated lower cutoff frequency of 2.91 GHz, which provides a good agreement with the one taken as design basis. The bandwidth is wider than 17 GHz. By comparing obtained both by simulations and by measurements against the design value of 3 GHz, we find a difference of 0.1 GHz and 0.2 GHz, respectively. This result allows us to state that (7) is a good mean to determine the radiator length from the lower cutoff frequency for antennas like the one shown in Figure 21 . Regarding the radiation characteristics, there is an acceptable agreement between measured and simulated radiation pattern as can be appreciated in Figure 28 . The measured gain in the main lobe is about 2 dBi less than the simulated one.
Finally, in order to compare the antenna gain as a function of frequency, the tabulated simulated and measured gain of both prototypes are shown in Figure 29 . The same trend on the variation of this antenna parameter is observed for each prototype, in such a way that the differences between measured and simulated gains are almost preserved through all the frequencies.
Conclusions
The design of directional UWB antennas has recently been an area of interest for research. The search of this type of devices motivated us to explore new design possibilities under the well-known constraints that UWB antennas have. Thus, based on the solid-planar correspondence principle, a process to obtain a planar directional UWB antenna from a volumetric conic antenna with a slant angle was gradually developed in this paper. Through this process a novel planar directional UWB antenna was achieved to operate at any desired cutoff frequency (in particular the proposal was evolved from the well-known omnidirectional conical antenna). Thus, two prototypes were built whose gains appeared around 5 dBi for one of the prototypes and 4 dBi for the other one both for a bandwidth of 14 GHz. Their front-to-back ratios are equal or less than −14.9 dB. Moreover, the antenna performance in terms of the magnitude of the reflection coefficient and the radiation pattern converge to an acceptable agreement between measured and simulated results. It is also worth pointing out that an equation that relates the lower cutoff frequency and the radiator length for this type of planar directional antenna was derived. The dissimilarities among lower cutoff frequencies obtained by simulations and measurements and using the resultant equation are less than 10%, which provide us with a realizable form to determine the dimensions of new designs operating at different frequencies. Finally, the radiating element of the antenna has a simple design that reduces cost and weight. The planar directional UWB antenna is suitable for UWB communications systems and other application areas as electronic warfare.
